Purpose: Previous studies show that inhibition of ABCB1 expression overcomes acquired docetaxel resistance in C4-2B-TaxR cells. In this study, we examined whether antiandrogens, such as bicalutamide and enzalutamide, could inhibit ABCB1 activity and overcome resistance to docetaxel.
Introduction
Prostate cancer is the most frequently diagnosed cancer and second most common cause of cancer-related death among men in the United States. Prostate cancer cells are dependent on androgen receptor (AR) signaling for growth and survival (1) . Therefore, although prostate cancer patients will initially respond to androgen-deprivation therapy (ADT), most will eventually develop castration-resistant prostate cancer (CRPC; refs. 2, 3) . Docetaxel, the standard first-line treatment for CRPC, inhibits CRPC growth by binding b-tubulin and inhibiting mitotic cell division, leading to apoptotic cell death (4, 5) . However, only approximately 50% of patients will respond to docetaxel and even those who initially benefit from the treatment will eventually develop resistance to the drug (6, 7) . For patients with progressive CRPC previously treated with docetaxel, both abiraterone acetate (Zytiga) and enzalutamide (Xtandi) confer a statistically significant improvement in overall survival (OS). This led to the recent FDA approval of both agents. Abiraterone inhibits intratumoral androgen biosynthesis by blocking CYP17A1 (8) . Enzalutamide impairs AR signaling by inhibiting AR nuclear translocation and DNA binding (9) . These clinical results indicated that targeting AR signaling remains an important therapeutic strategy in docetaxelresistant CRPC. Although both abiraterone and enzalutamide showed significant benefit to CRPC patients who failed docetaxel-based chemotherapy (both were also recently approved to treat CRPC patients prior docetaxel treatment), these treatment are quite expensive. According to recent cost-effectiveness analysis, abiraterone treatment cost about $123.4K/quality-adjusted life year compared with placebo, and the cost of enzalutamide was $437.6K/quality-adjusted life year compared with abiraterone (10) . The cost of these two drugs makes treating patients with metastatic CRPC an extremely expensive process, and cost-effective therapeutic strategies are in urgent need.
Numerous studies have uncovered potential mechanisms involved in the development of docetaxel resistance in prostate cancer. Accumulation of certain b-tubulin isotypes such as bIIItubulin and bIV-tubulin in tumor cells has been shown to be associated with reduced response rate in patients receiving docetaxel-based chemotherapy (11, 12) . b-Tubulin mutations, such as T26A, A595G, and F270I, have been demonstrated to impair tubulin polymerization in the presence of docetaxel in prostate cancer and breast cancer cell lines (13, 14) . Alterations of cell survival factors and apoptosis regulators such as Bcl-2, clusterin, HSPs, and IAPs are also observed in docetaxel-resistant prostate cancer cells (15) (16) (17) (18) . Aberrant activation of multiple cellular signaling pathways such as p53, NF-kB, PI3K-Akt, and IL-6/STAT3 is associated with docetaxel resistance as well (13, 14, 19, 20) . In addition, recent studies also revealed that overexpressing Notch and Hedgehog signaling has high tumor-initiating capacity and the activation of GATA2-IGF axis confers taxane resistance in lethal prostate cancer (21, 22) .
Our recent studies have also identified upregulation of ABCB1 as a common mechanism involved in acquired docetaxel resistance in CRPC (23) . ABCB1 (P-glycoprotein, or MDR1) belongs to the ATP-binding cassette (ABC) transporters that use the energy produced during ATP hydrolysis to transport substrates, including taxanes such as docetaxel, across cell membranes and out of the cell. This diminishes the efficacy of the drug (24) . Studies demonstrate that increased expression of ABCB1 confers resistance to chemotherapeutic agents (25) (26) (27) . In addition, ABCB1 is overexpressed in many types of cancers, including prostate, and ABCB1 expression is directly correlated with prostate tumor grade and stage (28) .
In this study, we found that antiandrogens such as enzalutamide and bicalutamide inhibit ABCB1 efflux activity and resensitized docetaxel-resistant prostate cancer cells to docetaxel treatment. In addition, the previous-generation nonsteroidal antiandrogen, bicalutamide was able to overcome docetaxel resistance when combined with docetaxel in docetaxel-resistant prostate cancer cells both in vitro and in vivo. Our results suggest that cotreatment with bicalutamide and docetaxel could be developed as a combination therapy as an affordable regimen to treat docetaxel resistance CRPC.
Materials and Methods
Cell lines and cell culture DU145 cells were obtained from the ATCC. All experiments with cell lines were conducted within 6 months of receipt from the ATCC or resuscitation after cryopreservation. The ATCC uses short tandem repeat profiling for testing and authentication of cell lines. C4-2B prostate cancer cells were kindly provided and authenticated by Dr. Leland Chung (Cedars-Sinai Medical Center, Los Angeles, CA). The cells were cultured in RPMI-1640 medium containing 10% complete FBS 100 U/mL penicillin and 0.1 mg/mL streptomycin and maintained at 37 C in a humidified incubator with 5% CO 2 . Docetaxel resistant C4-2B-TaxR (TaxR) and DU145-DTXR cells were generated from parental C4-2B and DU145 cells, respectively, by gradually increasing concentrations of docetaxel in the culture medium as previously described (23) . TaxR and DU145-DTXR cells were maintained in 5 nmol/L docetaxel-containing medium.
Materials and reagents
Docetaxel (CAS#114977-28-5) was purchased from TSZ CHEM (Framingham, MA). Bicalutamide (Cat: #B3209) were purchased from LKT Laboratories, Int. Elacridar (Cat: #143664-11-3) and rhodamine 123 (Cat: #62667-70-9) were purchased from SigmaAldrich. Anti-ser15 phosphorylated p53 antibody was obtained from Cell Signaling Technology, Int. Cleaved PARP, wt-p53 and tubulin antibodies were obtained from Santa Cruz Biotechnologies.
Preparation of whole-cell extracts
Cells were harvested, rinsed twice with PBS, and lysed in highsalt buffer (10 mmol/L HEPES[pH 7.9], 0.25 mol/L NaCl, 0.1% NP-40) supplemented with protease inhibitors (Roche). Wholecell extracts were prepared as previously described (29) . Protein concentration was determined with the Coomassie Plus Protein Assay Kit (Piece).
Western blot analysis
Equal amounts of total cell lysates (40 mg of protein) were loaded on 10% or 12% SDSPAGE, and electrophoretically transferred onto nitrocellulose membranes. After blocking in 5% nonfat milk in 1 Â PBS/0.1% Tween-20 at room temperature for 1 hour, membranes were washed three times with 1 Â PBS/0.1% Tween-20. The membranes were incubated overnight with primary antibodies at 4 C. Proteins were visualized by enhanced chemiluminescence kit (Millipore) after incubation with the appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies as previously described (30) .
Rhodamine 123 efflux assay
Cells were seeded in 6-well plates at a density of 2 Â 10 5 cells per well. Cells were treated with elacridar, enzalutamide, and bicalutamide overnight, and then incubated with 1 mmol/L rhodamine 123 for 4 hours. The cells were then washed three times with PBS. Fluorescent pictures were taken. Each experiment was repeated at least three times.
Cell growth assay
Cells were seeded in 12-well plates at a density of 1 Â 10 5 cells per well. Cells were treated and total cell numbers were counted using a Coulter cell counter.
Cell death ELISA
TaxR cells were seeded in 12-well plates at a density of 1 Â 10 5 cells per well and were treated. DNA fragmentation in the cytoplasmic fraction of cell lysates was determined using the Cell Death Detection ELISA kit (Roche) according to the manufacturer's instructions. Apoptotic cell death was measured at 405 nm absorbance.
Translational Relevance
Acquired resistance to docetaxel is a big challenge in the treatment of advanced prostate cancer. Reduced intracellular concentration of the drug through alteration of ABCB1 activity contributes to docetaxel resistance. In this study, we identified a novel mechanism of action for antiandrogen drugs such as bicalutamide and enzalutamide as inhibitors for ABCB1 efflux and ATPase activity. The antiandrogens increase the cytotoxicity of docetaxel in docetaxel-resistant cells independent of androgen receptor status. Furthermore, combination of bicalutamide with docetaxel had a significant antitumor effect in both AR-positive and AR-negative docetaxel-resistant xenograft models, suggesting that bicalutamide resensitizes docetaxel-resistant cells to docetaxel treatment independent of AR status. These studies may lead to the development of combinational therapies with bicalutamide/enzalutamide and docetaxel as effective regimens to treat advanced castration-resistant prostate cancer independent of AR status, and possibly other types of cancer.
Clonogenic assay
TaxR cells were treated for 6 hours. Two thousands cells were then plated in 100-mm dishes for 14 days. The cells were fixed with 4% formaldehyde for 10 minutes, stained with 0.5% crystal violet for 30 minutes, and the number of colonies was counted.
ABCB1 ATPase activity assay
ATPase activity was determined by Pgp-Glo assay systems (Promega) following the user protocol provided by the manufacturer. Na 3 VO 4 was used as an ABCB1 ATPase inhibitor. The activity of ABCB1 ATPase was measured in the presence of test compounds incubated with 25 mmol/L recombinant human ABCB1 membranes at 37 C for 40 minutes. Luminescence was initiated by ATP detection buffer and luminescent activity was immediately read on Glomax 96-microplate luminometer (Promega). To rule out the possibility of false positives (unexpected stimulation of ABCB1 ATPase activity by bicalutamide or enzalutamide), the activity of ABCB1 ATPase in cells receiving different concentrations of bicalutamide or enzalutamide plus Na 3 VO 4 was compared with treatment with Na 3 VO 4 alone. The differences between the average luminescent signals from Na 3 VO 4 samples and bicalutamide or enzalutamide plus Na 3 VO 4 samples reflect the luciferase inhibitory values (DRLU) by different concentrations of bicalutamide or enzalutamide. The ABCB1 ATPase activity was measured in the presence of docetaxel (50 mmol/L) plus different concentrations of bicalutamide or enzalutamide. The average luminescent signals from docetaxel plus bicalutamide or enzalutamide were normalized to the luciferase inhibitory values (DRLU) of bicalutamide or enzalutamide. The difference in luminescent signal between Na 3 VO 4 -treated samples and untreated samples represents the basal ABCB1 ATPase activity. The ABCB1 ATPase activity affected by bicalutamide or enzalutamide was calculated by the difference in luminescent signal between Na3VO4-treated samples and the adjusted bicalutamide or enzalutamide-treated samples.
In vivo tumorigenesis assay C4-2B, TaxR, and DU145-DTXR cells (4 Â 10 6 ) were mixed with Matrigel (1:1) and injected s.c. into the flanks of 6 to 8-weekold male SCID mice. C4-2B-derived tumor-bearing mice (tumor volume around 50-100 mm 3 ) were randomized into two groups (with six tumors each group) and treated as follows: (i) vehicle control (5% Tween 80 and 5% ethanol in PBS, i.p.), (ii) docetaxel (10 mg/kg, orally). TaxR derived tumor-bearing mice and DU145-DTXR-derived tumor-bearing mice (tumor volume around 50-100 mm 3 ) were randomized into four groups (with six tumors each group) and treated as follows: (i) vehicle control (5% Tween 80 and 5% ethanol in PBS, i.p.), (ii) docetaxel (10 mg/kg, i.p., once a week), (iii) bicalutamide (25 mg/kg, orally, 5 days a week), and (iv) docetaxel (10 mg/kg, i.p., once a week) þ bicalutamide (25 mg/kg, orally, 5 days a week). Tumors were measured using calipers twice a week and tumor volumes were calculated using length Â width 2 /2. Tumor tissues were harvested after 3 weeks of treatment.
Immunohistochemistry
Tumors were fixed by formalin and paraffin-embedded tissue blocks were dewaxed, rehydrated, and blocked for endogenous peroxidase activity as previously described (31) . Antigen retrieving was performed in sodium citrate buffer (0.01 mol/L, pH 6.0) in a microwave oven at 1,000 W for 3 minutes and then at 100 W for 2 minutes. Nonspecific antibody binding was blocked by incubating with 10% FBS in PBS for 30 minutes at room temperature. Slides were then incubated with anti-Ki67 (1:500, NeoMarker) at room temperature for 30 minutes. Slides were then washed and incubated with biotin-conjugated secondary antibodies for 30 minutes, followed by incubation with the avidin DH-biotinylated HRP complex for 30 minutes (Vectastain ABC Elite Kit; Vector Laboratories). The sections were developed with the Diaminobenzidine Substrate Kit (Vector Laboratories) and counterstained with hematoxylin. Nuclear stained cells were scored and counted in 3 different areas of the tumor. Images were taken with an Olympus BX51 microscope equipped with DP72 camera.
Statistical analysis
All data presented are depicted as mean AE SD. Statistical significance between groups was determined by one-way ANOVA followed by the Scheffer procedure for comparison of means. A P value of <0.05 was considered significant.
Results

ABCB1 efflux activity is increased in docetaxel-resistant cells
Overexpression of the ABC transporters is known to be involved in multidrug resistance (MDR) in cancer (32) . One of the major members of the ABC transporters related to MDR in cancer cells is ABCB1 (P-glycoprotein, ABCB1/MDR1). ABCB1 transports a large number of hydrophobic compounds out of cells including cancer chemotherapeutics agents such as taxanes (like docetaxel,) anthracyclines, and alkaloids (33) . We previously demonstrated that ABCB1 is overexpressed in docetaxel resistant TaxR cells compared with docetaxel sensitive C4-2B parental cells (23) . Similarly, others have shown that ABCB1 is also overexpressed in docetaxel-resistant DU145R and CWR22rv1R cells derived from parental DU145 and CWR22rv1 cells, respectively (34) . In the present study, we first examined ABCB1 activity in both parental C4-2B cells and ABCB1-overexpressing TaxR cells by using rhodamine efflux assay. Rhodamine 123 is a member of the rhodamine family of fluorescent dyes, which is exported by ABCB1 and is routinely used to examine membrane transport by ABCB1 (35) . Because of the fact that the efflux of rhodamine 123 can be inhibited by other ABCB1 modulators, quantification of rhodamine 123 uptake into cells is an excellent indicator of ABCB1 transport activity, and is very useful in screening for novel ABCB1 inhibitors (36, 37) . After 4 hours of incubation in 1 mg/mL rhodamine 123, both parental C4-2B and TaxR cells were washed with 1 Â PBS three times and the intracellular rhodamine 123 intensities were observed under fluorescent microscope. As shown in Fig. 1A , the intracellular rhodamine accumulation decreased significantly in ABCB1-overexpressing TaxR cells compared with C4-2B cells. TaxR cells had 6.9% rhodamine intake, whereas the rhodamine intake in C4-2B cells was 98.9%. These results suggest that almost all of the docetaxel was taken up into C4-2B parental cells and remained inside of the cells. Conversely, the majority of docetaxel was transported out of the TaxR cells.
Bicalutamide inhibits the efflux activity of ABCB1 and reverses docetaxel resistance in TaxR cells in vitro
It has been reported that combination of androgen deprivation therapy with taxanes could improve therapeutic response of taxanes in CRPC (38) . Therefore, we determined whether antiandrogens such as bicalutamide could affect the response of TaxR cells to docetaxel treatment. We first determined whether bicalutamide affects the efflux activity of ABCB1 in TaxR cells. A rhodamine efflux assay was performed in TaxR cells treated with bicalutamide or vehicle control. After the cells were incubated with bicalutamide or control for 24 hours, the rhodamine intake ratio significantly increased from 6.9% to 42.9% (Fig. 1A) . This suggests that bicalutamide has the ability to affect ABCB1 efflux activity.
Reversal of ABCB1-mediated multidrug resistance can be achieved by either altering ABCB1 expression or inhibiting ABCB1 efflux activity (39, 40) . Because ABCB1 was identified as a critical mechanism leading to docetaxel resistance in TaxR (Fig. 1C, left) . However, the combination of 10 nmol/L docetaxel and 20 mmol/L bicalutamide reduced the growth of TaxR cells to approximately 40%-50%. The combination treatment led to induction of p53 phosphorylation and cPARP expression (Fig. 1C, right) . The effect of combination bicalutamide/docetaxel treatment on TaxR cell clonogenic ability was also determined. The combination treatment reduced clone number by approximately 40%-50% (Fig. 1D) . Taken together, these data suggest that bicalutamide restores docetaxel sensitivity in TaxR cells in vitro.
Enzalutamide is a recently FDA-approved drug for patients with CRPC who have failed docetaxel-based chemotherapy as well as for patients with CRPC before docetaxel treatment. Because enzalutamide is considered the second-generation drug of bicalutamide, we examined whether enzalutamide could affect ABCB1 activity similar to bicalutamide. TaxR cells were treated with enzalutamide for 48 hours and rhodamine efflux activity was determined. TaxR cells had an increased rhodamine intake from 6.9% to 66.2% in the presence of enzalutamide treatment ( Fig.  2A) , suggesting that enzalutamide could inhibit ABCB1 efflux activity. Next, we examined whether enzalutamide could reverse resistance to docetaxel in TaxR (Fig. 2C, left) and induced phosphorylation of p53 at Ser15 and the cleavage of PARP (Fig. 2C, right) . In addition, combination of docetaxel with enzalutamide reduced clone number by approximately 50% in clonogenic assays (Fig. 2D) , suggesting that the combination of docetaxel and enzalutamide induces apoptotic cell death.
Antiandrogens inhibit the ATPase activity of ABCB1
ABCB1, also known as P-glycoprotein, functions as an ATPdependent drug efflux transporter. Compounds that interact with ABCB1 can either be identified as substrates or inhibitors that stimulate or inhibit the ATPase activity of ABCB1, respectively. In this study, we tested the effects of bicalutamide and enzalutamide on ABCB1 ATPase activity using the Pgp-Glo Assay Systems. As shown in Fig. 3A , the ABCB1 ATPase inhibitor elacridar at 2.5 mmol/L inhibited ABCB1 ATPase activity by 69%. Antiandrogens bicalutamide and enzalutamide decreased ABCB1 ATPase activity in a dose-dependent manner, with 45% and 60% inhibition at concentration of 40 mmol/L, respectively, indicating that both antiandrogens functioned as ABCB1 ATPase inhibitors. It has been reported that paclitaxel and docetaxel are both substrates for ABCB1-mediated efflux and were able to stimulate ABCB1 ATPase activity (41, 42) . In addition, we tested the effect of docetaxel on ABCB1 ATPase activity. As shown in Fig. 3B , 50 mmol/L of docetaxel significantly stimulated ABCB1 ATPase activity by approximately 150%. Bicalutamide (Fig. 3C, left) and enzalutamide (Fig. 3C, right) inhibit the docetaxel-stimulated ABCB1 ATPase activity in a dose-dependent manner. Taken together, these data along with the rhodamine efflux assay suggested that bicalutamide and enzalutamide reversed the docetaxel resistance in ABCB1-overexpressing cells through inhibiting the ATPase activity of ABCB1.
Bicalutamide reverses docetaxel resistance in TaxR cells in vivo
To test whether bicalutamide can overcome docetaxel resistance in vivo, docetaxel-resistant TaxR cells and parental C4-2B cells were injected into SCID mice s.c. on the flank. The mice developed tumors 3 weeks after injection. The mice injected with C4-2B cells were then divided into two groups to receive either vehicle or docetaxel treatments. The mice injected with TaxR cells were divided into four groups to receive either vehicle as controls, docetaxel or bicalutamide alone or with combination treatment. As hypothesized, docetaxel significantly repressed C4-2B tumor growth (Fig. 4A) . Neither docetaxel nor bicalutamide treatment alone inhibited tumor growth in TaxR cells, whereas combinatory treatment with docetaxel and bicalutamide significantly inhibited tumor growth of TaxR cells (Fig. 4B) . These results indicate that TaxR cells are resistant to docetaxel, and that combination of bicalutamide with docetaxel overcomes this resistance both in vitro and in vivo.
Bicalutamide reverses docetaxel resistance in DU145-DTXR cells DU145-DTXR cells are another docetaxel-resistant prostate cancer cell line generated from AR-negative parental DU145 cells in our laboratory (23) . Our previous data showed that similar to TaxR cells, ABCB1 is overexpressed in DU145-DTXR cells compared with parental DU145 cells (23) . These data suggested that overexpression of ABCB1 serves as a general mechanism of docetaxel resistance in prostate cancer. To determine whether the effect of bicalutamide on ABCB1 efflux activity in DU145-DTXR is similar to TaxR cells, rhodamine efflux assay was performed. Bicalutamide increased the rhodamine intake ratio from 8.1% to 42.8% (Fig. 5A) . The IC 50 to docetaxel in DU145-DTXR cells is 52.0 nmol/L compared with 4.3 nmol/L in parental DU145 cells (Fig. 5B) . Further study has shown that 20 mmol/L bicalutamide decreased the IC 50 value of docetaxel in DU145-DTXR cells from 52.0 nmol/L to approximately 7.5 nmol/L (Fig.  5B) . To test the effects of bicalutamide on docetaxel resistance of DU145-DTXR cells, we treated DU145-DTXR cells with 10 nmol/L docetaxel alone or in combination with 20 mmol/L bicalutamide. Although docetaxel or bicalutamide alone had only minimal effects on cell growth, combining docetaxel and bicalutamide significantly inhibited the growth of DU145-DTXR cells (Fig. 5C ). These effects were further verified in vivo. Four million DU145-DTXR cells were injected under the flank of 4-to 6-week-old male SCID mice. The mice were randomly divided into four groups when the tumor size reached 50 to 100 mm 3 to receive vehicle control, docetaxel, or bicalutamide alone or in a combined treatment. The combination group had a significantly slower tumor growth rate and resulted in much smaller tumors compared with the other three treatment groups (Fig. 5D) . Representative tumor samples were analyzed by IHC for Ki67 expression. Combination treatment further decreased Ki67 expression (Fig. 5E) . Altogether, these data indicate that bicalutamide reversed ABCB1-mediated docetaxel resistance in DU145-DTXR cells in vitro and in vivo.
Discussion
Docetaxel has been the first-line treatment for metastatic CRPC since 2004. Acquired resistance to docetaxel treatment is one of the major concerns regarding prostate cancer therapy (43) . Previous studies from our laboratory have observed that ABCB1 is upregulated in docetaxel-resistant TaxR prostate cancer cells and that knockdown of ABCB1 expression sensitized resistant TaxR cells to docetaxel (23) . In this study, we demonstrate that ABCB1 efflux activity in TaxR cells is significantly increased compared with parental C4-2B cells. Antiandrogens such as enzalutamide and bicalutamide inhibit ABCB1 efflux activity and reverse the ABCB1-mediated docetaxel resistance in prostate cancer. Furthermore, combination of bicalutamide or enzalutamide with docetaxel significantly enhances the cytotoxicity of docetaxel independent of AR status. subcutaneously. Mice carrying tumors were divided into four groups and treated with vehicle, docetaxel (10 mg/kg body weight, i.p., one day a week), or bicalutamide (25 mg/kg body weight, esophageal gavaging, 5 days a week) alone or a combination of docetaxel (10 mg/kg body weight, i.p., one day a week) and bicalutamide (25 mg/kg body weight, esophageal gavaging, 5 days a week). Tumor sizes were measured twice a week. E, Ki67 was analyzed in tumor tissues by IHC staining and quantified as described in Materials and Methods;
provides a new mechanism of action of these drugs. This novel mechanism of action provides a scientific rational for a combination treatment strategy of bicalutamide/enzalutamide with docetaxel for advanced prostate cancer independent of the status of androgen receptor. For patients with progressive CRPC previously treated with docetaxel, enzalutamide confers a statistically significant improvement in OS, leading to its recent FDA approval. Enzalutamide impairs AR signaling by inhibiting AR nuclear translocation and DNA binding (31) . Clinical studies indicate that targeting AR signaling remains an important therapeutic strategy in docetaxel-resistant CRPC. In this study, we showed a significant growth inhibition effect of enzalutamide on TaxR cells when combined with docetaxel through a reduction of ABCB1 efflux activity. Combination of enzalutamide and docetaxel inhibited cell growth and clonogenic ability accompanied with increased cellular apoptosis of TaxR cells. These findings suggest an additional mechanism of action by enzalutamide in CPRC through inhibition of ABCB1 efflux activity.
Similar to enzalutamide, the previous generation of antiandrogen, bicalutamide, was also found to inhibit ABCB1 efflux activity and resensitize docetaxel-resistant cells to docetaxel treatment. Clinically, patients with advanced prostate cancer were initially treated with gonadotropin releasing hormone (GnRH) analogues (which suppress active androgens) alone or in combination with antiandrogens such as bicalutamide. Launched in 1995, bicalutamide is one of the first-generation pure antiandrogens binding to and inhibiting the androgen receptor and is widely used to treat prostate cancer in patients who fail androgen deprivation therapy. Despite the initial response to bicalutamide treatment, almost all of the patients develop CRPC and no longer respond to the drug. Docetaxel is the standard first-line treatment for CRPC. However, relapse eventually occurs due to the development of resistance to docetaxel. Enzalutamide and abiraterone are recently approved therapies for CRPC after the cancer fails to respond to docetaxel. On the basis of the fact that bicalutamide inhibited ABCB1 efflux activity and reversed the resistance to docetaxel similar to enzalutamide, bicalutamide could be developed as a combination therapy with docetaxel to effectively treat docetaxel resistant CRPC. Although both abiraterone and enzalutamide have significant benefit for CRPC patients who fail docetaxel-based chemotherapy, these treatments are expensive. Compared with enzalutamide or abiraterone treatment, combination treatment of bicalutamide with docetaxel is more cost effective, and could be developed to treat patients with CRPC who fail docetaxel therapy.
In summary, we identified a novel mechanism of action of the antiandrogens such as bicalutamide and enzalutamide as inhibitors for ABCB1 efflux and ATPase activity. Bicalutamide and enzalutamide desensitize docetaxel-resistant prostate cancer cells to docetaxel treatment. Our studies suggest for the first time that bicalutamide and enzalutamide reverse docetaxel resistance in vitro and in vivo by inhibition of ABCB1 efflux activity, and may be developed as a combination therapy with docetaxel as an effective regimen to treat advanced CRPC independent of AR status.
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